Graphene oxide-iron oxide (GO-Fe 3 O 4 ) nanocomposites were synthesised by co-precipitating iron salts onto GO sheets in basic solution. The results showed that formation of two distinct structures was dependent upon the GO loading. The first structure corresponds to a low GO loading up to 10 wt%, associated with the beneficial intercalation of GO within Fe 3 O 4 nanoparticles and resulting in higher surface area up to 409 m 2 g 21 . High GO loading beyond 10 wt% led to the aggregation of Fe 3 O 4 nanoparticles and the undesirable stacking of GO sheets. The presence of strong interfacial interactions (Fe-O-C bonds) between both components at low GO loading lead to 20% higher degradation of Acid Orange 7 than the Fe 3 O 4 nanoparticles in heterogeneous Fenton-like reaction. This behaviour was attributed to synergistic structural and functional effect of the combined GO and Fe 3 O 4 nanoparticles.
M agnetite (Fe 3 O 4 ) has attracted considerable research interests in materials chemistry because of its unique properties, including decent magnetic, electric, catalytic, biocompatibility and low toxicity properties [1] [2] [3] [4] . In particular, Fe 3 O 4 nanoparticles (NPs) have been reported to be a catalyst in many reactions such as Fischer-Tropsch 5 , Haber-Bosch 6, 7 , environmental catalysis 3, 8, 9 , and peroxidase-like activities [10] [11] [12] . However, these NPs are prone to aggregate and form large particles owing to strong anisotropic dipolar interactions specifically in aqueous phase, thus losing their dispersibility and specific properties which eventually diminish their activity 13 . Therefore, there is a need to immobilise these NPs onto supports to preserve their unique properties [14] [15] [16] . Among many materials, graphene and its derivatives are considered potential materials for the immobilisation of NPs. Of particular interest, graphene oxide (GO) is an attractive material due to its unique two-dimensional lamellar structure and high surface area as well as full surface accessibility and edge reactivity 1, 17 . The immobilised NPs are not only able to prevent the aggregation of graphene or GO from stacking but also improve the overall catalytic activity owing to the strong synergistic interaction between both components 18, 19 . The lack of surface functionalities in graphene to directly immobilise the NPs onto its surfaces has led to favourable utilisation of GO as an alternative support for the assembly of graphene based nanocomposites 20 . GO is derived from the exfoliation of graphite oxide and consists of abundant oxygenated functional groups, such as hydroxyl and epoxides on the basal plane with carbonyl and carboxyl groups at the edges. These oxygenated functional groups can serve as nucleation sites for metal ions to form NPs/GO nanocomposites. Recently, several studies have been reported using GO for the support of Fe 3 O 4 NPs in catalysis for the reduction of nitrobenzene the development of GO-Fe 3 O 4 nanocomposites and the structuralmorphology relationships with their catalytic activity.
Results
The nitrogen sorption measurements were performed to investigate the textural characteristics of resultant nanocomposites at different GO loading, varying from 0 to 25 wt%. The nitrogen isotherms in Fig. 1a resulted in type IV shape with H2 hysteresis loop in the range of 0.3-0.98 relative pressure. These results suggest that the GOFe 3 O 4 nanocomposites are characterised by mesoporous structures. The pore size distribution curves (Fig. 1b) (Figs. 2c-d) , evidenced by formation of large clusters. Figs. 2e-f and 2g-h show the micrographs of the 5 and 15 wt% GO nanocomposites, respectively. Compared to the pristine GO sheets (Fig. 2a-b) , it can be distinctly seen that Fe 3 O 4 NPs were deposited onto GO surfaces of the nanocomposites. Moreover, no isolated Fe 3 O 4 NPs were observed beyond the GO, suggesting a strong interaction between the NPs and GO sheets. It is also observed a significant reduction in the thickness of the layers for the 5 wt% GO loading, calculated from 2 to 3 nm around Fe 3 O 4 NPs, or up to ,5 nm as a combination of these layers (see broken line box at the inset of Fig. 2f ). For the 15 wt% GO loading, the Fe 3 O 4 NPs agglomerated on the external GO surface, and GO layer thickness could not be measured.
Although a minor degree of aggregation occurs at low GO loading (5 wt%), most of the Fe 3 O 4 NPs are still highly dispersed on the GO sheets (Fig. 2e) . It is further observed the NPs were intercalated between the GO sheets (see the inset broken line box in Fig. 2f ). This observation suggests that the low GO loading helped to prevent Fe 3 O 4 from severe aggregation, which is beneficial for the distribution of NPs over the GO planes. The bright circular rings in the selected area electron diffraction (SAED) patterns indicate that Fe 3 O 4 NPs are polycrystalline. The spaced-resolved lattice fringes with an interplanar distance of 0.25 nm agree well with the lattice spacing of (311) planes of Fe 3 O 4 as reported elsewhere 20, 25 . However, a higher GO loading (15 wt%) shows the formation of a different structure. This is clearly seen in the HRTEM micrograph (Fig. 2h) where the surface no longer displays the GO sheets as in degree of aggregation of Fe 3 O 4 NPs prevails once the GO loading reached 15 wt%, which is coherent with the reduction in pore volume (Fig. 1c) . The dominant coverage of Fe 3 O 4 NPs is attributed to the oxygenated functional groups on the exterior surface of GO stacking, which tend to facilitate the nucleation and growth of the NPs. This process is similar to many cases where the surface defects and edges provide thermodynamically favourable nucleation sites 26 , which show heavy agglomeration as seen in Figs. 2c-d.
The prepared nanocomposites were then further analysed using XPS to verify the phase of NPs, interaction between NPs and GO and state of GO as supports. As seen in Fig. 3a , the wide scan spectra of the nanocomposites exhibited photoelectron lines at binding energies of ,285, 530 and 711 eV which are ascribed to C 1s, O 1s and Fe 2p, respectively. The binding energy peaks at 711.1 and 724.6 eV in the high resolution Fe 2p scan ( The binding of Fe 3 O 4 on GO might possibly occur through either the carbon atoms or with the oxygenated functional groups on both GO surfaces and edges. However, the first possibility is excluded as the contribution from C or Fe atoms in the Fe-C bonds are not present at 707.5 28 and 283.3 eV 29 in both Fe 2p (Fig. 3b ) and C 1s (Fig. 4b ) spectra of the nanocomposites, respectively. Therefore, we postulate that the emergence of the new peak at about 531.2 eV in the nanocomposites spectra is assigned to the deposition of Fe 3 O 4 NP onto GO sheets, which is possibly via Fe-O-C bonds. Such postulation can be supported by the significant decrease in the relative intensity of O-C 5 O, C 5 O and C-O-C, and C-OH peaks in the nanocomposites compared to the pristine GO, which suggests possible bidentate coordination of the Fe element with carboxylate groups 23, 30 and replacement of hydrogen in hydroxyl groups. Further considerations could be related to a ring opening reaction of epoxy groups 31, 32 by Fe element in Fe 3 O 4 through the Fe-O-C bonds. The O 1s spectrum of Fe 3 O 4 NPs displays a maximum peak centred at 529.8 eV which is ascribed to the Fe-O bonds. This finding can be substantiated by the fact that the formation of metal-O-C bonds in nanocomposites could be shifted to higher binding energy approximately 1-3 eV from the metal-O bonds of metal oxides 28, [32] [33] [34] as presented in Table 1 . The state of GO as a support in these nanocomposites is further demonstrated by the C 1s spectra as shown in Fig. 4b . The spectrum of GO can be deconvoluted into five components corresponding to C 5 C sp 2 (284.6 eV), C-C sp 3 (285.1 eV), C-OH and/or C-O-C (286.7 eV), C 5 O (288.1 eV) and O-C 5 O (289.0 eV) 17, 35, 36 . It is observed that the intensity of C-OH and C-O-C peak is alike with the C 5 C sp 2 , suggesting that GO is adequately oxidised and holds lots of hydroxyl and epoxy groups as compared to the carbonyl and carboxylate groups. Interestingly, the peak of C-C sp 3 in GO-Fe 3 O 4 nanocomposites shifted to higher binding energy by 0.4 eV. This peak increased in its intensity together with C 5 C sp 2 upon the deposition of Fe 3 O 4 , while the oxygenated functional groups decreased, particularly for C-OH and C-O-C as the GO loading reduces. These results suggest the likelihood of GO to undergo partial reduction due to partial removal of epoxide and hydroxyl group on GO basal plane, which were deoxygenated under alkaline conditions during the preparation of GO-Fe 3 O 4 nanocomposites.
Additionally, the formation of a new covalent bond, Fe-O-C, and the partial reduction in GO as supports for these nanocomposites were reaffirmed based on the atomic concentration and its respective ratio of deconvoluted peaks from O 1 s and C 1 s spectra (Fig. 4) . The summarised data deduced from the respective peaks are presented in Fig. 5 . The emergence of Fe-O-C bond was found to increase gradually in low GO loading (,10 wt%) and tends to level off once reaching 10 wt%. As the GO loading increases, the amount of Fe 3 O 4 deposited raises progressively with the readily available oxygenated functional groups within the exfoliated GO sheets by the successful intercalation between both components. However, further increasing the GO loading (beyond 10 wt%) leads to the saturation of Fe-O-C bonding close to 25%, that possibly infers to a change in structure. The C 5 O/Fe-O ratio from the O 1 s spectra were found to increase gradually as a function of the GO loading, which signifies higher GO's reduction can be obtained at lower loading compared to the higher one. Intriguingly, this finding can be verified by the ratio of atomic concentration for the carbon domain over the oxygenated functional groups (C-C/C-O) of GO in the C 1 s spectra of nanocomposites. The ratio of C-C/C-O declines steadily from 4 to nearly 3 with increasing GO loading, compared to the pristine GO value of 1. This correlation further corroborate with the state of GO as a support which undergoes partial reduction during co-precipitation through the gradual removal of oxygenated functional groups from its surfaces and edges.
The catalysis of GO-Fe 3 O 4 nanocomposites and each individual component for the degradation of AO7 as the model organic pollutant was investigated in the heterogeneous Fenton-like reaction as shown in Fig. 6 . The low GO loading (#10 wt%) nanocomposites led to higher AO7 degradation within 92-98% of removal compared with lower values for pristine Fe 3 O 4 NPs and GO. However, the removal efficiency of AO7 at higher GO loading (.10 wt%) declined gradually from 88 to 60% possibly attributed to the structural makeup of the nanocomposite.
Discussion
As the operation of heterogeneous Fenton-like reaction involved in concurrent adsorption and reactions at the solid-liquid interface, the surface accessibility of the GO-Fe 3 O 4 nanocomposites is crucial in maintaining their catalytic activity. High accessibility of reactants towards the active sites ( ;Fe 21 /;Fe 31 ) at low GO loading can be achieved by the increase of surface area and pore volume (Fig. 1c) , which are able to diminish limitations in mass transfer during the reaction. This can be correlated with their unique structures as schematically represented in Fig. 7 . The proposed structures are relying on the degree of GO loading, wherein the low (below 10 wt%) and high (above 10 wt%) GO loading form Structures I and II, respectively. The formation of these unique structures is attributed to the GO dispersion effect and similar behaviour has been reported for GO and nanowires 37 , or GO and polystyrene 38 . Structure I schematically represents the intercalation of NPs between the GO sheets, as seen in the HRTEM micrograph in Fig. 2f . In this case, the hydroxylated iron complexes are able to homogeneously anchor onto both the surfaces and edges of exfoliated GO sheets through the oxygenated functional groups, i.e. hydroxyl, epoxy and carboxyl. Further condensation of complexes leads to the formation of nuclei and growth of Fe 3 O 4 crystallites onto GO sheets as a result of redox reaction. Likewise, this correlates well with the observed variation in the desorption branch of isotherms between relative pressures of 0.55-0.4 of the nanocomposites as compared to 0.75-0.4 of the Fe 3 O 4 NPs as displayed in Fig. 1a . This effect may be associated with the resultant pore structure from the combination of different building blocks between the GO sheets and Fe 3 O 4 NPs. This finding can be further corroborated with the featured pore width of #10 nm for the nanocomposites that was not observed in pure Fe 3 O 4 NPs as presented in Fig. 1b .
Meanwhile, Structure II is correlated with deposition of Fe 3 O 4 NPs mainly onto the exterior surface of GO stacking at higher GO loading. The anticipated GO stacking may be ascribed to the reduction in the degree of exfoliation as the concentration of GO increases. High GO loading may induce a dominant effect of GO stacking through the p-p interactions which correspond to the van der Waals and hydrophobic fields around the carbon basal plane of GO sheets. In fact, this proposed structures are in well agreement with the surface area and pore volume profiles which showed nearly 30% reduction in both once the GO loading increased to 15 wt% or more (Fig. 1c) . Therefore, at higher GO loading, the aggregation of Fe 3 O 4 NPs on the exterior surface of GO stacking might hinder the effective diffusion and contact between the reactants towards the active sites, which went against the ample formation of hydroxyl radicals to decompose AO7 during the reaction. Interestingly, the highest BET surface area of the nanocomposites was recorded at GO loading of 10 wt%, though the highest catalytic activity was found to be at GO loading of 5 wt% with the overall rate constant (k) of 0.02 min 21 . This indicates that the structure of the nanocomposites is not the only factor affecting their catalytic activity. With increasing GO loading, the catalytic activity of the nanocomposites gradually decreased, which means that there is a strong correlation between the catalytic activity and C-C/C-O ratio (Fig. 5) . The higher reduction degree of GO at low GO loading promotes the transfer of electrons between Fe 3 O 4 and GO through Fe-O-C bonds, which is beneficial for the degradation of AO7. The nanocomposite of 5 wt% GO loading delivered similar catalytic activity with the bare Fe 3 O 4 NPs during the first 45 minutes of reaction as shown in Fig. 6 , though the latter completely deactivated thereafter. Contrary to this detrimental result, the nanocomposite retained good stability by sustaining its activity throughout the entire reaction.
The degradation of AO7 occurs mainly at the solid-liquid interfaces of nanocomposites, where the formation of hydroxyl radicals (HO N ) is due to the catalysed decomposition of hydrogen peroxide (H 2 O 2 ) by the active sites ( ;Fe 21 /;Fe 31 ) of Fe 3 O 4 NPs. The symbol ; represents the iron species bound to the surface of GO sheets. In addition, GO consists of unpaired p electrons by the presence of many semiconducting p-conjugated carbon sp 2 domain on its basal planes 39 which in turn are able to facilitate electron transfer between GO and iron centres 40 . This synergistic effect is beneficial in the regeneration of ferrous irons to speed up the redox cycle between the active sites, thus promoting the degradation and mineralisation of AO7.
The enhancement in chemical reactivity can be attributed to the synergistic effects between both optimized GO loading and Fe 3 O 4 NPs. These effects may be explained by a combination of few factors. ) during the reaction. Secondly, GO features a large aromatic ring structure on its basal plane that favours AO7 adsorption which has a similar aromatic ring structure through p-p interactions. This may provide an increase in AO7's local concentration 41 within the vicinity of the active sites to be further oxidised by the generated hydroxyl radicals 42 . Thirdly, the strong Fe 3 O 4 NPs-GO interactions via Fe-O-C bonds facilitates the electron transfer between the NPs and the semiconducting GO sheets 40 . Lastly, the regeneration of ferrous ions was facilitated during the reaction possibly owing to the partial reduction in GO that helps electron transport to speed up the redox cycle between the active sites ( ;Fe 21 /;Fe 31 ). This is evident for the low GO 5 wt% nanocomposite (see Fig. 5 ) as the C-C/C-O ratio is the highest thus demonstrating a higher removal of the oxygenated functional groups compared with the other nanocomposites at higher GO loading. In summary, this work demonstrates the structural and morphological relationship of GO-Fe 3 O 4 nanocomposites at varies GO loadings on the overall catalytic activity of AO7 degradation in the heterogeneous Fenton-like oxidation.
Methods
Materials and preparation of GO-Fe 3 O 4 nanocomposites. Graphite flakes, FeCl 3 ?6H 2 O (97%), FeCl 2 ?4H 2 O (99%) and AO7 (Orange II; 85%) were purchased from Sigma-Aldrich. All other reagents and solvents employed for synthesis were of analytical grade and used as received. Graphite oxide was synthesised via a modified Hummers method 43, 44 and subsequently exfoliated by ultrasonication to attain an aqueous dispersion of GO. The GO-Fe 3 O 4 nanocomposites were synthesised by coprecipitating pre-hydrolysed ferric and ferrous salts in the presence of GO. Briefly, an aqueous solution (100 mL) containing FeCl 3 ?6H 2 O (4 mmol) and FeCl 2 ?4H 2 O (2 mmol) was prepared with an initial pH of 1.48. However, GO sheets are prone to stack together at such low pH solutions, thus diminishing the effective surface of GO 45 . To address this problem, GO was not added into the mixture until the pH was adjusted to pH 4 via addition of NaOH (1 M). Subsequently, the GO solution (50 mL, 0.55 mg/mL) was gradually added into the pH 4 solution and stirred for another 30 min giving rise to a stable and homogeneous mixture. An appropriate amount of NaOH (1 M) was continuously added into this mixture to reach a pH of 10. The mixture was aged at constant stirring for a further 30 min at room temperature. The resulting black precipitate was magnetically separated and washed three times with deionized water and ethanol prior drying in an oven at 60uC for 48 h. The GO loadings for GO-Fe 3 NPs were also prepared via an analogous method without the addition of GO solution, for comparison purpose only.
Characterisation. Brunauer-Emmett-Teller (BET) specific surface area and pore volume were measured by nitrogen sorption using a Micromeritics Tristar 3020. The pore size distribution for each sample was calculated using non-local density functional theory (NLDFT), from the desorption branch of the isotherms. Microstructural investigation was carried out using a transmission electron microscopy (TEM, JOEL 1010) operated at 100 kV, and high-resolution transmission electron microscopy (HRTEM, JOEL 2010) with an acceleration voltage of 200 kV. Micrographic grids were prepared by placing a drop of diluted sample dispersion in ethanol onto a carbon-coated copper grid and dried at room temperature. X-ray photoelectron spectroscopy (XPS) was performed on Kratos Axis ULTRA X-ray photoelectron spectrometer equipped with monochromatic Al Ka (hn 5 1486.6 eV) radiation to quantitatively analysed the chemical composition of samples. To determine the chemical functionality of the samples, the O 1 s and C 1 s spectra were curve fitted by combining the components and minimizing the total square-error fit of less than 2%. The curve fitting was performed using a Gaussian-Lorentzian peak shape and Shirley background function. The C 1 s photoelectron binding energy was set at 284.6 eV and used as reference for calibrating others peak positions.
Catalytic experiment. In order to investigate the catalytic activity of the as prepared GO-Fe 3 O 4 nanocomposites, degradation of AO7 was studied in a heterogeneous Fenton-like reaction. All experiments were performed using GO-Fe 3 O 4 (0.2 g L
21
) in AO7 (0.1 mM) aqueous solution of 250 mL at 25uC and pH 3. Prior to the batch runs, the initial pH of AO7 solution was adjusted with NaOH (1 M) or HCl (1 M) to 3. The reactions were initiated by adding H 2 O 2 (22 mM) into the suspension and stirred at 350 rpm after 30 min of dark adsorption. Samples were periodically withdrawn, filtered through 0.2 mm Milipore syringe filters and immediately analysed. The AO7 degradation as a function of the time was analysed by measuring the absorbance of the solution at l max 484 nm using an UV-Vis spectrophotometer (Evolution 220, Thermo Fisher Sci.).
